The timecourse of left atrial Pitx2 down-regulation in the setting of atrial tachyarrhythmias remains unknown. Accordingly, we aimed to assess the age dependency of left atrial Pitx2 expression in an experimental model of spontaneous atrial tachyarrhythmias in rats.
Introduction
Although atrial fibrillation (AF) is the most common sustained cardiac arrhythmia, the molecular substrate of this arrhythmia remains elusive. Recent genome-wide association studies in AF patients identified strong associations between several risk variants on chromosome 4q25 and the occurrence of AF. 1 -3 Furthermore, a common polymorphism on chromosome 4q25 independently predicted AF recurrence after cardioversion. 4 The closest gene in this region is Pitx2, a member of the pituitary homeobox family of transcription factors that plays an important role in morphogenesis and early left/right determination during embryonic development. 5, 6 Chinchilla et al. 7 recently demonstrated a significant decrease in Pitx2c expression in AF patients, providing a link between Pitx2 loss-of-function and AF. In transgenic mice with heterozygous deletion of the Pitx2 gene, reduction of Pitx2 expression to 60% of normal was associated with increased susceptibility to AF, 8 suggesting that Pitx2 down-regulation is more likely a causative element in AF occurrence rather than a consequence of the arrhythmia. However, while studies on transgenic mice with Pitx2 deletion have provided valuable insights into our understanding concerning the pro-arrhythmic consequences of Pitx2 deficiency, Pitx2 expression has never been assessed in a clinically relevant experimental model of atrial arrhythmias or in the presence of arrhythmogenesis-promoting factors such as arterial hypertension. Clinical and experimental data demonstrated that the association between ageing and arterial hypertension significantly increases atrial arrhythmogenicity, 9 -11 but Pitx2 expression changes have never been assessed in this setting. Accordingly, we sought to assess the presence and the timecourse of Pitx2 expression changes in a spontaneously hypertensive rat (SHR) model of unprovoked atrial tachyarrhythmias (AT). The age dependency of atrial arrhythmias in this model has already been documented. 9 For this study, atrial mRNA expression of Pitx2 was investigated in SHRs in comparison with age-matched Wistar-Kyoto (WKY) controls.
Methods Animals
Three groups of male SHRs 14 weeks (further mentioned as young; n ¼ 6), 24 weeks (further mentioned as adult; n ¼ 4), and 48 weeks (further mentioned as ageing; n ¼ 2) of age, and three groups of agematched WKY controls (n ¼ 4 each) were purchased from Elevage Janvier. All animals were housed in a climate-controlled room (21 -248C), with a 12 h/12 h light/dark cycle, in an accredited animal facility, and had free access to standard rat pellets and tap water. Rats undergoing electrocardiogram (ECG) recordings were housed individually in polycarbonate cages. All other animals were housed in groups of two to three rats per cage under the same controlled conditions.
All experiments conform to the Guide for the Care and Use of Laboratory Animals were performed in compliance with the French Ministry of Agriculture guidelines for animal experimentation, and were approved by the local Animal Ethics Committee.
Electrocardiogram recording and analysis
To confirm the arrhythmic status of SHRs and the age dependency of AT episodes, radiotelemetry ECG transmitters (TA11 CA-F40; Data Sciences International) were implanted under isoflurane anaesthesia in two of the six young SHRs as previously described. 9 The animals underwent 24 h continuous ECG monitoring every 4 weeks until the age of 46 weeks, when they joined the ageing SHR group. To test for day-to-day reproducibility, 46-week-old SHRs underwent 48 h continuous ECG monitoring, instead of the standard 24 h recording. Data used to assess the age dependency of arrhythmic events corresponded to the first 24 h period. The total number and duration of AT events were quantified based on 24 h ECG recordings as previously described. 9 
Heart sampling
Four of the young SHRs, the four adult SHRs, the two ageing SHRs, and all WKY rats were euthanized upon purchase with an intraperitoneal injection of a terminal dose of sodium pentobarbital (.100 mg/kg). The two remaining young SHRs were only euthanized upon completion of the ECG monitoring period, when they reached the age of ageing SHRs. The hearts of rats belonging to all six groups (i.e. young, adult, and ageing SHRs and age-matched WKY rats; n ¼ 4 each) were excised and weighted; the left and right atria were isolated, placed in sterile dry tubes, snap frozen in liquid nitrogen, and stored at 2808C until processing. Heart weights of SHRs compared with those of WKY rats were used as indirect markers of arterial hypertension. The hypertensive status of rats of this strain was also documented in a previous study using intra-arterial blood pressure measurement in conscious, unrestrained rats.
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Gene expression analysis
Ribonucleic acid extraction
Total RNA was isolated from frozen biopsies using TRIzol w Reagent (Life Technologies) following the manufacturer's instructions. RNA concentration was measured using Nanodrop ND1000 (Thermo scientific) and quality was verified using the Agilent 2100 BioAnalyser (Agilent Technologies).
Pitx2 expression analysis
One microgram of total RNA was reverse-transcribed to complementary DNA by using 100 U Superscript II (Life Technologies) and a mixture of random hexamers and oligo(dT) primers (Promega). Realtime polymerase chain reaction assays were performed as previously described, 12 using a Rotor-Gene 6000 (QIAGEN). Values were normalized using TATA box binding protein (TBP). Primers used to detect Pitx2 were GTG-TGG-ACC-AAC-CTT-ACG-G (sense primer) and AGT-TGA-AGA-AGG-GGA-AGC-TC (antisense primer). To allow comparison with previous studies, expression levels of two additional genes, Myh7, encoding for b-myosin heavy chain 7, and Gja1, encoding for connexin-43, were studied in left atrial samples from ageing SHRs and age-matched WKY rats using TaqMan Low Density Array analysis, as previously described. 13 
Statistics
Data are expressed as the mean + standard error (SE). Non-parametric analysis of variance (Kruskal -Wallis test) was used for multiple comparisons. Between-group comparisons were performed using the MannWhitney U test. Correlations were ascertained with Spearman's rank correlation method. Stepwise multiple regression analysis was performed to identify independent predictors of left atrial Pitx2 expression.
A P value of ,0.05 was considered statistically significant. Statistical analyses were undertaken using GraphPad Prism w software (GraphPad Software).
What's new? † Similarly to what has been observed in humans, there is an association between left atrial Pitx2 down-regulation and increased atrial arrhythmogenicity in this experimental model of spontaneous atrial arrhythmias. † The results of the present study provide evidence for an association between Pitx2 down-regulation and long-standing arterial hypertension and indicate a possible temporal relationship between Pitx2 down-regulation and arrhythmia onset, suggesting that in hypertensive rats Pitx2 downregulation is an age-dependent process that starts before the occurrence of the arrhythmias. † The strong negative correlation between left atrial Pitx2 expression and heart weight among hypertensive rats indicates that Pitx2 down-regulation may be involved in longstanding arterial hypertension-related atrial arrhythmogenicity.
Results
Atrial arrhythmic activity in hypertensive rats No tachyarrhythmic episodes were recorded at the age of 14, 18, or 22 weeks, in neither of the two SHRs. In one SHR, the onset of AT episodes occurred at the age of 26 weeks, with a number of 286 AT episodes/24 h, while in the other SHR, AT episodes were present starting from the age of 34 weeks, with a number of 325 AT episodes/24 h. Both SHRs presented AT episodes on all 24 h ECG recordings, with 376 and 504 AT episodes/24 h, respectively, at the age of 38 weeks, and 363 and 191 AT episodes/24 h, respectively, at the age of 42 weeks (Figure 2) . At the age of 46 weeks, the two SHRs presented 299 and 543 AT episodes, respectively, on the first 24 h interval and 354 and 246 AT episodes, respectively, on the second 24 h interval. At 46 weeks of age, the median duration of tachyarrhythmic episodes in the two SHRs was 0.64 s. Episode duration ranged from 0.33 to 12.78 s.
When all ECG recordings were taken into account, there was a significant correlation between age and the number of tachyarrhythmic episodes (Spearman r ¼ 0.89, P , 0.01); however, when only recordings obtained after the onset of tachyarrhythmic episodes were considered (starting from the age of 34 weeks), statistical significance of this correlation was no longer present (P ¼ 0.46).
Myocardial hypertrophy indices
Heart weights were measured to assess the presence and the severity of myocardial hypertrophy in SHRs. In young rats, heart weights were not significantly different between SHRs and WKY rats (P ¼ 0.49). However, heart weights of adult SHRs were 16 + 3% higher compared with those of age-matched WKY rats (1.80 + 0.32 g in adult SHRs vs. 1.55 + 0.33 g in adult WKY rats, P ¼ 0.03), while heart weights of ageing SHRs were 72 + 2% higher compared with those of age-matched WKY rats (2.67 + 0.12 g in ageing SHRs vs. 1.55 + 0.07 g in ageing WKY rats, P ¼ 0.02). Among SHRs, heart weights were highly dependent on age (Spearman r ¼ 0.87, P , 0.01), while no correlation was present between heart weights and age among normotensive rats (P ¼ 0.80).
Pitx2 expression in the left atria of hypertensive rats
When right atrial expression of Pitx2 was compared between hypertensive and normotensive rats, no significant difference was observed between groups, regardless of the age of animals (all P . 0.05). Similarly, there was no significant difference between right atrial levels of Pitx2 among young, adult, and ageing SHRs (P ¼ 0.11), nor among young, adult, and ageing WKY rats (P ¼ 0.63).
With the exception of ageing SHRs, all other groups (i.e. young and adult SHRs, and young, adult, and ageing WKY rats) presented significantly higher expressions of Pitx2 in the left than in the right atria (all P , 0.05). However, in ageing SHRs, there was no significant difference between left and right atrial levels of Pitx2 (P ¼ 0.45).
No significant difference was found between left atrial levels of Pitx2 in young SHRs compared with age-matched WKY rats (P ¼ 0.09), nor in adult SHRs compared with age-matched WKY rats (P ¼ 0.49). On the other hand, ageing SHRs had significantly lower left atrial Pitx2 expression levels compared with age-matched WKY rats (P ¼ 0.02; Figure 3) .
Among hypertensive rats, left atrial Pitx2 expression showed a gradual, age-dependent decrease (34.9 + 6.7 in young SHRs vs. 17.1 + 3.6 in adult SHRs vs. 10.7 + 1.7 in ageing SHRs; P ¼ 0.04) (Figure 3) . When comparisons were ascertained among various SHR groups (Figure 3) , adult SHRs tended to have lower left atrial Pitx2 expression levels than young SHRs and higher left atrial Pitx2 expression levels than ageing SHRs (both P ¼ 0.05), while ageing SHRs had significantly lower left atrial Pitx2 levels compared with young SHRs (P ¼ 0.02). On the other hand, there was no significant difference in left atrial Pitx2 expression levels between neither of the WKY rats groups (all P . 0.05).
In addition, left atrial Pitx2 expression levels were significantly negatively correlated with age (Spearman r ¼ 20.86, P , 0.01) among SHRs. A significant negative correlation was also found among SHRs between left atrial Pitx2 expression levels and heart weights (Spearman r ¼ 20.76, P , 0.01). In multivariate analysis, both age (R 2 ¼ 0.66; P , 0.01) and heart weight (R 2 ¼ 0.49; P ¼ 0.01) independently predicted decreased left atrial Pitx2 expression levels. The combination of age and heart weight was a significant predictor of left atrial Pitx2 expression levels in SHRs (R 2 ¼ 0.69; P , 0.01), while no significant correlation was found between left atrial Pitx2 expression levels and neither age or heart weight among WKY rats (both P . 0.05). Left atrial expression levels of Myh7 were 1.9 times higher in ageing SHRs compared with age-matched WKY rats (4519.1 + 83.6 in ageing SHRs vs. 2377.4 + 52.4 in ageing WKY rats; P ¼ 0.02). Contrarily, Gja1 expression was 2.8 times lower in ageing SHRs compared with age-matched WKY rats (949.7 + 44.7 in ageing SHRs vs. 2611.7 + 61.1 in ageing WKY rats; P ¼ 0.04).
Discussion
The main findings of the present study were: (i) in ageing SHRs with spontaneous AT left atrial Pitx2 expression was significantly downregulated compared with age-matched WKY rats; (ii) among SHRs, Pitx2 expression was significantly negatively correlated with both age and heart weight.
Pitx2 insufficiency and atrial arrhythmias in spontaneously hypertensive rats
Cardiovascular pathologies offer numerous examples of cardiac conditions characterized by re-expression or reactivation of a battery of genes that are normally only expressed in foetal hearts. Recent genome-wide association studies identified several risk variants on chromosomes 4q25, 16q22, and 1q21 strongly associated with AF. 1,14 -16 The single-nucleotide polymorphisms most significantly associated with AF are located on chromosome 4q25, in a large, intergenic region, without any known genes. The closest gene in this region is Pitx2, a member of the pituitary homeobox family of Figure 3 Left atrial Pitx2/TBP mRNA expression in young, adult, and ageing SHRs (n ¼ 4 each) and age-matched WKY rats (n ¼ 4 each). Data are expressed as the mean + SE. *P ¼ 0.02 for ageing SHRs vs. ageing WKY rats using the Mann-Whitney U test. P-values on the figure refer to comparisons between SHR groups using the Mann-Whitney U test.
Age dependency of left atrial Pitx2 expression in spontaneous AT rats transcription factors that plays important roles in early embryonic development of the heart. 5, 6 Chinchilla et al. 7 were the first to demonstrate that Pitx2c expression is significantly decreased in AF patients, providing a link between Pitx2 loss-of-function and AF. Moreover, several experimental studies demonstrated increased susceptibility to atrial arrhythmias in transgenic mice with heterozygous deletion of the Pitx2 gene, indicating a direct relationship between Pitx2 deficiency and atrial arrhythmias. 8, 17 On the other hand, Tessari et al. 18 demonstrated that PITX2 2/2 knockout mice display severe heart defects and die before birth. Taken together, these observations suggest that Pitx2 down-regulation is more likely related to a dysfunction that occurs later in life, and not in the developmental period. The present study suggests that, similarly to what has been observed in humans, there is an association between left atrial Pitx2 down-regulation and increased atrial arrhythmogenicity in this clinically relevant experimental model of atrial arrhythmias. Electrocardiogram monitoring in SHRs confirmed the presence and the age dependency of spontaneous AT in this group, which paralleled the decrease in left atrial Pitx2 expression levels. While left atrial Pitx2 expression showed no significant difference between non-arrhythmic young or adult SHRs and age-matched normotensive controls, Pitx2 expression levels were significantly decreased in ageing SHRs with atrial arrhythmias compared with age-matched non-arrhythmic normotensive controls. Furthermore, among SHRs, left atrial Pitx2 expression presented a gradual, age-dependent decrease. These results further suggest that, at least in the presence of underlying cardiac conditions such as arterial hypertension, Pitx2 downregulation is more likely to occur during adulthood, than in the developmental period.
Expression changes in Pitx2, a transcription factor that regulates the activity of various other genes, could then lead to further pro-arrhythmic molecular remodelling, 7, 8 contributing to the high propensity to atrial arrhythmias observed in this setting. Pitx2 downregulation has been related to re-expression of Shox2, a transcription factor responsible for a sinoatrial nodal gene programme in the developing heart. 17 Pitx2 misexpression has also been shown to impair connexin-40 expression, 7, 19 providing a putative link to AF, since mutations in the connexin-40 gene have been associated with AF. In addition, Pitx2 could modulate ion channel expression, leading to overexpression of HCN4, encoding for the pacemaker current I f , impaired expression of various genes encoding for K + channels, including KCNQ1 (encoding for the a-subunit of I Ks ) and KCNK2 (encoding for a stretch-activated K + channel). 17 In the study of and melanocyte function, providing a mechanistic link between Pitx2 down-regulation and arrhythmia occurrence. It is likely that the interaction between various molecular pathways, some related and others unrelated to Pitx2 down-regulation, which are not mutually exclusive and are likely to coexist, determines the onset and the severity of the arrhythmia. The presence of AF has also been associated with re-expression of various embryonic genes, including calcineurin, troponin I, a-smooth muscle actin, or b-myosin heavy chain. 20 -24 Consistent with the results of these previous studies, arrhythmic ageing SHRs presented significantly higher left atrial expression levels of Myh7, encoding for b-myosin heavy chain 7, and significantly lower expression levels of Gja1, encoding for connexin-43.
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Clinical implications
The results of the present study provide evidence for an association between Pitx2 down-regulation and long-standing arterial hypertension and indicate a possible temporal relationship between Pitx2 down-regulation and AT onset in hypertensive rats, suggesting that in SHRs Pitx2 down-regulation is an age-dependent process that starts before the occurrence of the arrhythmias. This finding may indicate that a timely appropriate therapy targeting this process in hypertensive patients may prevent AF onset. In addition, the strong negative correlation between left atrial Pitx2 expression and heart weight among SHRs indicates that Pitx2 down-regulation may be involved in long-standing arterial hypertension-related atrial arrhythmogenicity. However, the mechanisms responsible for Pitx2 insufficiency in hypertension-related AT are yet to be established. Similarly to other cardiac disordersrelated molecular remodelling, Pitx2 down-regulation could represent an adaptive process in response to various insults, such as haemodynamic afterload imposed by long-standing arterial hypertension. This hypothesis is supported by the fact that among SHRs left atrial Pitx2 expression levels were significantly negatively correlated with both age and heart weight. In multivariate analysis, both age and heart weight independently predicted decreased left atrial Pitx2 expression levels. The combination of age and heart weight was a significant predictor of left atrial Pitx2 expression levels in hypertensive rats, while no significant correlation was found between left atrial Pitx2 expression levels and neither age or heart weight among normotensive rats. On the other hand, there was no significant difference in right atrial Pitx2 expression levels between hypertensive and normotensive rats, regardless of the age of animals, neither among hypertensive or normotensive rats of different ages. Consequently, Pitx2 down-regulation seems confined to the left atrium of hypertensive rats and this could be due to long-standing left atrial haemodynamic overload due to persistent arterial hypertension. Additional markers, such as atrial or brain natriuretic peptides, could have brought additional evidence regarding the potential role of haemodynamic changes in left atrial Pitx2 down-regulation.
However, while this study has demonstrated an association between long-standing arterial hypertension and Pitx2 downregulation, at this point it is difficult to support a causal relationship between the two processes. This is further complicated by the fact that Pitx2 down-regulation itself seems to induce molecular changes leading to left atrial electrical and structural remodelling that could further impair atrial haemodynamics. 8 In this light, it is likely that identification and controlling of the mechanisms leading to Pitx2 down-regulation in this setting would represent a valuable new approach for atrial arrhythmias treatment and/or prophylaxis. Given the clinical relevance of the model used in this study, this experimental model could represent a valuable tool in this regard.
Potential limitations
Given the small size of rats' atria, concomitant histological examination of the samples could not be performed. However, structural abnormalities within the left atria of ageing SHRs and WKY rats have already been described. 25 Since ECG monitoring was only performed in two SHRs, direct correlations between AT burden and Pitx2 expression levels could not be ascertained. Indeed, on the last ECG recording, performed just before euthanasia and heart sampling, SHR1 presented a number of 299 AT episodes/24 h, while SHR2 presented 543 AT episodes/24 h (Figure 2 ), in concordance with Pitx2 expression levels, which were lower in SHR2 compared with SHR1 (7.50 in SHR2 vs. 12.92 in SHR1). Nevertheless, continuous ECG monitoring in SHRs demonstrated a high variability in the number of AT episodes among various recordings. Therefore, despite the high arrhythmogenicity present in these animals, the selection of ECG recordings for statistical analysis would be highly arbitrary and it seems unlikely for Pitx2 expression levels to be significantly correlated with atrial arrhythmia burden. Also, the small sample size of the cohorts may have lowered the study's statistical power.
The results of the present study indicate a possible link between long-standing arterial hypertension and Pitx2-related atrial arrhythmogenicity. The relationship between these factors and AT, which may not necessarily be causal, deserves to be further studied.
Conclusion
The present study suggests the presence of age-dependent left atrial Pitx2 down-regulation in SHRs. The strong negative correlation found between left atrial Pitx2 expression and heart weight among hypertensive rats indicates a possible link between long-standing arterial hypertension and Pitx2-related atrial arrhythmogenicity.
